Shiga-toxigenic Escherichia coli (STEC) strains are a major cause of severe gastrointestinal disease in humans. STEC patients typically present with abdominal cramps and/or watery diarrhea, which may be followed by severe bloody diarrhea and hemorrhagic colitis, and in some cases, hemolytic-uremic syndrome (HUS) (11, 14) . STEC strains are generally considered to be noninvasive pathogens, and after ingestion and establishment of intestinal colonization, they release Shiga toxin (Stx) into the gut lumen. Toxin is then absorbed across the gut epithelium into the circulation system, where it targets host cells expressing its specific glycolipid receptor globotriaosylceramide (Gb 3 ). In humans, Gb 3 receptors are present at high levels in renal tubular epithelium; significant levels are also expressed in microvascular endothelial cells of the kidney, intestine, pancreas, and brain, particularly after exposure to inflammatory cytokines, and Stx-mediated damage at these sites accounts for the pathological features of STEC disease and HUS (14) .
The translocation of Stx from the gut lumen into underlying tissues is a crucial step in pathogenesis, and polymorphonuclear leukocytes (PMNs) are now thought to facilitate this process. Recruitment of PMNs to the gut epithelium is postulated to increase paracellular permeability and break down the tight junction barrier, thereby increasing toxin uptake (5) . The presence of low doses of Stx1 can also induce both the respiratory burst and superoxide production in PMNs, resulting in localized tissue damage, increased absorption of Stx, and also the induction of Stx2-encoding bacteriophages (7, 24) . PMNs have also been reported to play a role in the transport of Stx from the gut to remote target sites (18, 19) . These findings stimulated interest in determining the STEC factors responsible for recruiting PMNs to the site of infection. Treatment of intestinal epithelial cells with purified Stx has been shown to induce expression of interleukin 8 (IL-8), a potent PMN chemoattractant (3), as well as other members of the CXC chemokine family, in a dose-dependent manner, via a ribotoxic stress response pathway (20, 21) . However, a more recent study using live STEC strains with defined mutations in various virulence-related genes has shown that flagellin (FliC) rather than Stx was responsible for the bulk of the proinflammatory chemokine responses of Hct-8 cells to STEC infection (17) . In the present study, the direct contribution of FliC to the pathogenesis of STEC disease was investigated using a streptomycintreated mouse model.
Bacterial strains. The O113:H21 STEC strain 98NK2, which was responsible for an outbreak of HUS in Adelaide, South Australia, in 1998, has been described previously (13) . A derivative of this strain (98NK2⌬fliC), in which nucleotides 64 to 1281 of the fliC gene have been replaced with a (nonpolar) kanamycin resistance cartridge, has also been described previously (17) . Spontaneous streptomycin (Str)-resistant derivatives of these strains were isolated by growth on LB agar with a 50-g streptomycin disk, as previously described (15) , and were designated 98NK2 SR and 98NK2⌬fliC SR , respectively. Western blot analysis of whole-cell lysates of these strains, using H21 antiserum, showed a 51-kDa immunoreactive species (the expected size of H21 FliC) in 98NK2 SR but no H21 flagellin expression in 98NK2⌬fliC SR (result not shown). Motility of 98NK2 SR and 98NK2⌬fliC SR was also assessed by growth on semisolid LB agar. The significant difference in the diameters of spread (47 Ϯ 2 mm and 3 Ϯ 1 mm, respectively; P Ͻ 0.0001) confirmed that the latter strain was nonmotile. In order to confirm that neither introduction of the ⌬fliC mutation nor selection for streptomycin resistance affected production or secretion of Stx2, supernatants from fresh overnight LB broth cultures of 98NK2, 98NK2⌬fliC, 98NK2 SR and 98NK2⌬fliC SR were assayed for cytotoxicity on Vero cells as described previously (12) ; in each case, the Stx2 titer was identical (40,960 50% tissue culture infective doses per ml). To assess general protein synthesis, the four strains were grown in LB in the presence of [ 3 H]leucine and incorporation of label into trichloroacetic acid-insoluble material was measured over 3 h. There was no significant difference in [ 3 H]leucine incorporation in any of the strains at any time point (1, 2, or 3 h) (result not shown).
Virulence in the streptomycin-treated mouse model. Animal experimentation was conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes and was approved by the Animal Ethics Committee of the University of Adelaide. Groups of 16 BALB/c mice (5-to 6-week-old males) were pretreated for 24 h with Str (5 mg/ml in drinking water) to inhibit the normal gut microflora, thereby enabling streptomycin-resistant STEC to colonize the gastrointestinal tract as previously described (12) . Mice were then fed approximately 10 8 CFU of strain 98NK2 SR or 98NK2⌬fliC SR , suspended in 50 l 10% NaHCO 3 and 20% sucrose. Fecal pellets were collected at intervals thereafter and plated onto LB agar containing Str for CFU determination (Fig. 1) . One day after challenge, pellets contained approximately (5.9 Ϯ 1.3) ϫ 10 9 and (6.8 Ϯ 1.5) ϫ 10 SR gradually declined to approximately (9.3 Ϯ 3.1) ϫ 10 8 and (7.0 Ϯ 3.0) ϫ 10 8 CFU/g, respectively, by day 12 ( Fig. 1 ). There were no significant differences in the levels of colonization of mice challenged with either strain at any time point.
All mice challenged with strain 98NK2 SR showed signs of sickness 5 days after challenge, including ruffled fur, lethargy, and reduced food and water intake. In mice that subsequently succumbed, this was followed by hind limb paralysis, ataxia, and death. Interestingly, only one mouse challenged with 98NK2⌬fliC SR showed signs of hind limb paralysis and ataxia in the 4 h prior to death; the remaining mice appeared to be healthy. As shown in Fig. 2 , 9 of 16 mice (56%) challenged with 98NK2 SR died during the course of the experiment (median survival time, 7.6 days), but only 3 of 16 mice (19%) challenged with 98NK2⌬fliC SR died (median survival time, Ͼ14 days). This difference in survival rate was statistically significant (P Ͻ 0.025 by the 2 test), directly implicating flagellin in the virulence of 98NK2 in the streptomycin-treated mouse model.
Given the clear role of flagellin in eliciting IL-8 and other CXC chemokine responses in human epithelial cell lines infected with STEC (17), it was tempting to speculate that FliCmediated induction of analogous chemokines in the mouse gut might contribute to pathogenesis of disease by increasing PMN recruitment, thereby facilitating uptake of Stx. To examine this, additional groups of four streptomycin-treated mice were infected with strain 98NK2 SR or 98NK2⌬fliC SR . At 1 and 2 days after challenge, mice were anesthetized by inhalation of Halothane, and blood samples taken via cardiac puncture were collected into EDTA tubes. Blood cell smears were freshly made from 5 l of EDTA blood, air dried, and fixed by dipping in methanol for 2 min. Smears were then Giemsa stained for 4 min and examined by light microscopy. The percentage of PMNs was determined by differential counting of 100 leukocytes. Infection with either 98NK2 SR or 98NK2⌬fliC SR resulted in a significant elevation of peripheral blood PMNs after 1 day relative to uninfected control mice, but there was no significant difference between the two infected groups (Fig. 3) . After 2 days, peripheral blood PMN counts for the infected groups were not significantly different from those of the controls (Fig. 3) . One-centimeter segments of distal ileum and proximal colon were also collected from euthanized mice (taken 1 cm from the cecum) and fixed overnight in 4% formaldehyde before being embedded in paraffin. Five-micron sections were cut from each tissue block and placed on saline-coated slides. Sections were dewaxed using two 7-min treatments with Safsolvent (Ajax APS Chemicals, Australia), rehydrated gradually through 2-min washes in 100%, 90%, 70%, and 50% ethanol, and then placed in phosphate-buffered saline (PBS). Before immunostaining, sections were encircled with a Liquid Blocker (Super Pap pen; Daido Sangyo Co., Ltd., Tokyo, Japan). The sections were incubated with 50 l of 50-g/ml monoclonal rat antibody to mouse Ly-6G (specific for granulocyte-restricted cell surface protein [mainly neutrophils]) (PharMingen, BD Biosciences) followed by 50 l of a 1:50 dilution of fluorescein isothiocyanate (FITC)-conjugated donkey anti-rat immunoglobulin (Jackson ImmunoResearch). Both antibodies were diluted in 10% heat-inactivated fetal calf serum in PBS, and the incubations were carried out in a humidified atmosphere in the dark for 1 h at ambient temperature. Slides were washed three times with PBS after each incubation. Stained tissue sections were then mounted in 30% glycerol and examined by fluorescence microscopy (AX 70; Olympus), and the digital images were captured with a Precision digital imaging system (Vϩϩ; Digital Optics Ltd., Auckland, New Zealand). There was evidence of increased PMN-specific staining of ileal tissue of mice infected with either strain 98NK2 SR or 98NK2⌬fliC SR relative to uninfected control mice after 1 day (Fig. 4) , but not after 2 days (result not shown). These findings are consistent with the peripheral blood PMN counts shown in Fig. 3 . However, in colonic tissue, there was no difference in PMN staining between infected and uninfected mice on either day 1 (Fig. 4) SR cannot be attributed to differences in the level or duration of PMN recruitment to the site of infection.
Although there was no significant difference between strains 98NK2 SR and 98NK2⌬fliC SR in terms of their capacity to colonize the gut (Fig. 1) , it was possible that the fliC mutation might affect the nature of any interaction between the STEC bacteria and the mucosa. This was examined by subjecting ileal and colonic tissue sections to immunofluorescence microscopy using 1:200 polyclonal rabbit anti-E. coli O113 serum (Institute of Medical and Veterinary Science, Adelaide, Australia) and 1:100 Alexa 488-conjugated donkey anti-rabbit immunoglobulin (Molecular Probes). There was very little detectable staining of bacteria in any of the ileal tissue sections, regardless of challenge organism (result not shown). However, for colonic sections, there was evidence of a close interaction between 98NK2 SR and the epithelial cell surface, including penetration of occasional bacteria into the cells (Fig. 5) . In contrast, 98NK2⌬fliC SR was detected principally in the lumen, with little evidence of direct interaction with the epithelial surface (Fig.  5) . This difference in host cell interaction was not, however, reflected in in vitro adherence assays. We found no significant difference between the adherence of wild-type 98NK2 and the fliC mutant to either Hct-8 (human colonic epithelial) or HEp-2 cells (result not shown).
Conclusions. In this study we have shown a clear role for flagellin in the virulence of the O113:H21 STEC strain 98NK2 in the streptomycin-treated mouse model. The overall survival rate for mice challenged with the wild-type STEC was 43.7% compared with 81.2% for those challenged with the fliC mutant. The streptomycin-treated mouse model of STEC disease was established by Wadolkowski et al. (22, 23) , and in this model virulence is manifested as fatal Stx2-dependent renal tubular necrosis. Not all STEC strains are virulent in this model, but E. coli K-12 strains expressing a range of stx 2 -related genes cloned in high-rather than low-copy-number plasmids are lethal (8, 12, 23) . This suggests that other STEC virulence factors are unimportant if Stx2 production is sufficiently high. The present study is the first report of a nontoxic accessory virulence factor contributing to a fatal outcome of STEC infection in this model. We have previously shown that H21 and other common STEC flagellin types (e.g., H7) are potent inducers of IL-8 and other CXC chemokine responses in human colonic epithelial cells in vitro (17) . In cases of human STEC disease, elevated IL-8 levels in plasma have been shown to correlate with both leukocytosis and poor prognosis (2, 6, 9, 10, 25) . We postulated that chemokine induction by STEC flagellin would translate into increased PMN recruitment to the intestinal epithelium in vivo and that this would increase penetration of Stx2 from the gut lumen into underlying tissues, as proposed by Hurley et al. (5) . However, although there was a clear difference in virulence, we could find no evidence for a difference in PMN recruitment to the intestinal mucosa between mice challenged with the wild-type or fliC mutant STEC strains. Furthermore, although STEC infection resulted in elevated PMN counts in peripheral blood relative to uninfected mice, there was no difference in PMN counts between groups infected with strains 98NK2 SR and 98NK2⌬fliC SR . On the other hand, although there was no difference in gut colonization as judged by fecal CFU counts, we did see a marked difference in the intimacy of interaction between the STEC strains themselves and the colonic, but not the ileal, mucosa. Wild-type 98NK2 SR was closely associated with the epithelial surface, while 98NK2⌬fliC SR largely remained in the lumen. These findings are consistent with the known role of flagella as mediators of adherence to, and invasion of, epithelial cells by a range of pathogenic bacteria (16) . Flagella are known to contribute to adherence and invasion by facilitating penetration of the mucous layer covering the gastrointestinal mucosa, thereby providing the pathogen with access to receptors on epithelial cells (16) . However, there is evidence that, at least in some pathogens, flagella can also contribute to colonization by acting directly as adhesins. Giron et al. (4) (1) have recently reported that H7 flagella contribute significantly to gastrointestinal colonization of chickens by nontoxigenic E. coli O157:H7. However, it is not clear from the latter study whether the beneficial contribution of H7 flagella to colonization is due to enhanced penetration of mucus or direct FliC-mediated adherence.
Notwithstanding the above uncertainties regarding the manner in which flagellin contributes to gut colonization, our finding that FliC contributes directly to STEC virulence in streptomycintreated mice provides a model system in which to explore the protective efficacy of STEC FliC-based vaccines. Vaccines based on STEC adherence factors, such as intimin, are already being tested for capacity to prevent colonization of livestock, and supplementation with common STEC FliC types may further minimize carriage and hence entry of STEC into the human food chain.
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